CONCLUSION
Power thyristors, in conjunction with high depth of charge and recharge rate batteries, have made it possible to replace rotating equipment as the stored energy element in high power, low duty cycle-pulsed equipment. Were it not for the high power, high frequency inverter-type thyristors, the variable battery voltage could not be properly conditioned to provide a k e d output voltage for a high power load.
As higher current thyristors at shorter turn-off times become available, the comparatively complex circuitry now needed to handle the high power will be simplified. APPENDIX [2] P. Ritterman, E. Kantner, and H. Seiger, "High rate charge characteristics of sealed nickelcadmium cells at low temperature," Proc. Fall Meeting Electrochem. Soc., October 1966.
[3] V. Wouk, "VWP: A new approach to small, light, &dent, high power regulated power supplies," I R E Internat'l Conv. Rec., pt. 6 , pp. 145-157, 1962.
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I. INTRODUCTION HE UTILIZATION of more and more
high-frequency high-power transistors makes it imperative that one obtain a better understanding of instabilities in RF power amplifiers. Instabilities are defined in this paper as undesired frequencies present in the output load of an amplifier which are not harmonically related to the input frequency. Included in this definition are subharmonics. These undesired frequencies seem to range anywhere from several hundred kHz to a few hundred MHz. The waveforms shown in Fig. 1 indicate the instabilities present in the output of a 30-MHz ampliiier under various operating conditions. Similar phenomena have been observed at frequencies up to 470 MHz (Figs. 2 and 3) . The transistor power amplifier instabilities to be described here may or may not be self-sustaining. That is, the instability is induced by the RF drive power but may remain on the removal of drive. In fact, just forward-biasing the device to some current level is sometimes sufficient to produce instabilities. It might be pointed out that these instabilities seldom occur when the amplifier is precisely tuned, but rather when some change is made in the normal operating conditions. The degree of detuning necessary for an instability to occur can vary over wide limits. One of the most serious cases occurs when there is a variation of the load impedance. Under these conditions, the transistor may be destroyed almost instantaneously. Destruction of the transistor can also occur during ampliiier tuning. But even if these instabilities do not destroy the device, they should be controlled because they increase the spurious emissions from a transmitter tremendously. It is the intent of this paper to try to clarify the cause of these instabilities, which, in turn, can lead to circuit designs that will solve the problem or at least minimize it to a tolerable level.
SOURCES FOR INSTABILITIES
A bipolar transistor consists of two P-N diodes. Instabilities occurring in P-N diodes which are nonlinearly operated as varactor multipliers have been discussed by Leeson [l 1. He has described the following sources of varactor instability : 1) parametric subharmonic oscillations, 2) thermal feedback or thermal relaxation oscillations, 3) biasing oscillations in a single stage, 4) whole chain oscillations due to higher-order resonances.
All these varactor effects may also cause instabilities in class C operated power transistor amplifiers. But a transistor is more than just the combination of two diodes. It is basically an active device whereas the diode is not-if one neglects special parametric applications. That the instability problem in large-signal operated power transistors is more complicated is evident if one considers even the small-signal linear equivalent circuit, as shown in Fig. 4 for the common emitter configuration. For large-signal applications, each of these nine elements has to be considered as nonlinear. Whereas the four (positive) nonlinear resistors (rb, l/ge, l/gc, kr,) cannot produce any subharmonics [2], the four nonlinear "varactors" (ce, c,, c,,, Id) are able to do so [3] . In addition, the transistor represents a "feedback amplifier," so that feedback-related instabilities can occur. By the complexity of the problem, one is sometimes induced to look for some exotic "parametric" or other effect as an explanation for instabilities occurring in a power amplifier [4] . It is believed that one should consider a class C amplifier first of all as the superposition of a nonlinear operated circuit and a linear class A ampliJier as soon as a dc current is flowing (Fig. 5) . The function of "dc biasing" is f a l e d by the input ac drive power which is partially rectified. Therefore, the following classification for instabilities can be made. Table I . These frequencies are expressed by the elements of a linear transistor equivalent circuit (Fig. 4) . In the frequency range B (Fig. 6) , the transistor is unconditionally stable. It is believed that the main problem of spurious generation rests in the frequency range C in which potential instability ( S < 1, Fl < F< F,) exists due to internal feedback in the transistor. For the common-emitter configuration, F2 = F2, is approximately one-half the transconductance cutoff frequency I;; (FZe=&/2) ( Table I) . A detailed discussion of this instability region is given in Section V. Most RF transistor power amplifiers are operating in the frequency range D which is again unconditionally stable (stability factor S > 1).
In region E, above the maximum frequency of oscillation F,,, at which the maximum available power gain becomes unity, the transistor behaves as a passive device. The same is true for region I. In regions F and H the transistor repre- Other linear instabilities can be produced by negative resistances caused by avalanche multiplication in the collector junction. It was shown [lo] that the influence of this effect can be represented by a factor qy by which the common base y'-parameters of a transistor have to be multiplied (e.g., y l l b = q g i l b ) : where (n = 2 . . . 6 , V, , , = collector-base breakdown voltage). (See Fig. 4 and Table I .)
The h-parameters of the common-emitter configuration have to be multiplied by a factor fl ,, of the same form as (l) , where f,, the transconductance cutoff frequency, is replaced by the p cutoff frequency fs and 6, by
(4)
Therefore :
These equations show that especially at high currents (rb/rd>> 1) and at high voltages 6, and generate a large negative phase angle. This may, for example, change the capacitive nature of the output admittances y 2 2 b and hzze to an inductive behavior [ll] , [12] . One also can see that negative resistances may result for 6 e 0.
Unexplained negative conductance regions in the output characteristics of power transistors have been reported by Ohkubo and Takenaka [13].
IV. NONLINEAR INSTABILITIES IN POWER AMPLIFIERS
Nonlinear parametric effects can generate harmonics and subharmonics [3] . An example for the generation of a strong third harmonic in a detuned 250-MHz amplifier is shown in Fig. 7 . Subharmonics have also been observed. Especially, half the signal frequency can be generated occasionally as illustrated by Fig. 8 , taken from a 175-MHz power amplifier. Such subharmonics can be explained by parametric varactor action of the emitter and/or collector capacity (junction and diffusion capacity) [3, ch. 91, [32] .
It is not intended to discuss nonlinear instabilities in this paper in more detail because it appears to the authors that most oscillations are due to and can be explained by the internal feedback mechanism of the class A amplifier.
Additional investigations are required in t h s area. A list of articles related to parametric nonlinear instabilities is given as Part I1 of the References. Especially interesting is the paper by Dragone [54].
V. LINEAR INSTABILITIES DUE TO INTERNAL FEEDBACK
In the critical frequency range C (Fl < F< F,) , the maximum available gain is idmite or undefined [14] and a class A operated transistor is potentially unstable. This means it is possible to find load and source admittances, for which the amplifier can oscillate without the application of external feedback. The relationships of Table I show that for the common-emitter configuration F,, is proportional to the collector direct current I,, whereas F,, is proportional to the reciprocal value of I,. Therefore, the critical frequency range is large at low collector direct currents and small or missing at high currents. The question arises, what is the effective collector direct current L--for the class A part of the overall amplifier of Fig. 5 ? An answer for relatively low frequencies is given by Fig. 9 , which shows In such a detuned condition, one can assume an elliptical load curve as seen in Fig. 9 . Generally, one could define this dc current ZCA of the class A amplifier as the minimum of the instantaneous collector current Z, : ICA = min (Z,). ZCA is, of course, different from and smaller than the total collector dc current IC : IC-< IC.
It was found that oscillations in an inherently "unstable" amplifier normally occur when the output circuit is slightly detuned. The frequencies of oscillations are in most cases somewhere in the critical frequency range F,,< F< F,,, which is controlled by IC-.
It is obvious that this current ZCA of the superimposed (hypothetical) class A amplifier will be greatly influenced by the load impedance, the tuning conditions, the input drive level, the frequency, etc.
It was observed that a power amplifier sometimes starts oscillating if the input drive power is reduced. This can be easily understood if one considers the fact that for a decreasing ZCA (decreasing input power), the critical frequency range, F, < F< F2, increases (Fig. 10) .
A more quantitative picture can be obtained by considering the concept of stability factor [16] . In the commonemitter configuration a parallel-feedback occurs which is mainly due to the collector-base capacity, assuming that feedback through the emitter lead inductance is negligible. In this case, the stability factor S-as defined by Stern [17] -must be expressed in terms of y-parameters as follows:
where Gs and GL are the source and load conductance.
At the frequencies Fl and F2, the stability factor S is unity. Stability is assured for S> 1 and can be achieved or increased by loading the input and output in the critical frequency range (F, < F F2).
A typical power amplifier circuit for the case when
RLc < R L is shown in Fig. 1 1. The series LC circuits at input and output cut off the loading effect of load and source resistances at low frequencies (F, <F<F2) . Thus, lowfrequency oscillations in the critical frequency range where the gain is very high become possible. These low-frequency oscillations and their harmonics can modulate the carrier frequency and generate new frequencies. Figure 2 gives an example of such a spectrum. For low values of IC-, the upper frequency limit F2 of the instability region can be relatively high and close to the signal frequency. In this case, a mixing action between the carrier and a "near-by" spurious can occur. Then a similar spectrum will be produced (Fig. 3) . (6)-(16) in order to describe the  "normalized transistor." It is, e.g., Y , , =y,,rd, GL=gLr,, For given operating conditions W is a constant. Equations (7H9) show that the instabilities can be eliminated or that stability can be increased by the following methods: 1) Conductive loading of input and output by an increase of G, and/or G2 in the critical frequency range
Note: Capitals have been used in
The RL networks R2, L2, R5, and L5 in Fig. 12 . Note that the signal frequency can be much higher than F2.) 2) Reactive loading of input and output by an increase of B, and B2, so that the probability of fulfilling (7) and (8) is decreased.
According to this second rule, one should make the collector feed-inductance as small as possible (L3 in Fig. 11 ). But this does not hold for the emitter-base inductance (L2 in Fig. 11 ). It was observed that a very low inductance, even a "short" between emitter and base, can produce very strong and dangerous oscillations which may easily destroy a transistor. One of the reasons for this can be understood by considering the relationship :
which follows directly from (7) and (8).
[Equation (15) represents also the condition for oscillation in a different form.] Assuming a circuit as given in Fig. 11 with a high L/C ratio of the series resonance circuits, one can see that at a low frequency (e.g.,f= 0. Ifsignal), the base and the collector are decoupled from the load and source admittances Y, and Y,. B , and B2 are then determined to a large extent by L2 and L3 (Fig. 11) . Also, from (1 l), we obtain:
but at lower frequencies G l l is much greater than G22 (G,, >>Gz2) in the common-emitter and common-base configurations. Thus, a very low emitter-base inductance fulfills (1 5) at certain (low) frequencies. Similar considerations explain why the interstage coupling capacitor C in Fig. 13 should be relatively small (10 to 50 pF) in order to avoid oscillations. VII. FREQUENCIES OF OSCILLATIONS A computer program was written in order to determine the frequencies of oscillations given by the conditions of (7H9) for a normalized transistor described by the common-emitter equivalent circuit of Fig. 4 . Impedances are normalized on rd= VT/Ic (here, &=IcA), and frequencies on the gain-bandwidth productf,. The assumed values are summarized in Table 11 . A common-emitter linear amplifier stage loaded by base and collector inductances only is considered. This is somewhat a worst case for an amplifier as shown in In Fig. 3 we see a somewhat Merent case. A 175-MHz power amplifier output signal is shown in both the time and frequency domain. In this case, the spurious frequencies are spaced by approximately 12 MHz. However, it can be seen that there is no signal being produced at 12 MHz and a series-tuned trap at 12 MHz has no effect on the instability. In this case, it appears there is an oscillation at a frequency 12 MHz below the carrier and a mixing action produces the other frequencies. Figure 3 (c) presents a similar case, but in addition there is a response present at 12 MHz. This is not an oscillation at 12 MHz but is also produced by a mixing action.
Branch N in Fig. 14, 15 , or 16 can explain this oscillation close to the carrier. It could also be a uaructor instability as discussed by Dragone [54] .
IX. POWER AMPLIFIERS IN COMMON-BASE
CONFIGURATION Most power amplifiers use the common-emitter configuration. But the grounded base connection has its advantages: higher power gain at high frequencies and higher efficiency [51] due to the higher output resistance of the transistor. (Note that an increase of efficiency from 50 to 60 percent results in a 30 percent decrease of the power dissipated in the transistor.) It seems that the stability problem in a common-base power amplifier is more complex because of the inherent combination of parallel feedback produced by the collector-emitter network branch and the series feedback represented by the base resistance rb. This can be seen from Fig. 4 or the equivalent circuit of Zawels [19] , [20] .
The stability factor S expressed in y-parameters for the normalized transistor model used above is shown for Gs = GL = 0 (intrinsic stability factor) in Fig. 18 as a function Table 11 ). Note that at point B in Fig.  19 the instability region disappears for the common-base configuration ( F 1 B = F 2 B ) whereas for the same load conductance GL (i.e., the same power level) the common-emitter configuration exhibits an unstable frequency range of approximately one decade (from F,,x 0.015 to F2, x 0.15). Because of the series feedback due to the base resistance rb, one should also investigate the z-parameter stability factor.
X. CONCLUSIONS 1) Before paying attention to nonlinear parametric effects in the design of class C power ampliiiers, one should eliminate linear instabilities.
2) These possible linear instabilities are caused by a superimposed class A amplifier as soon as direct current is flowing in the class C operated transistor.
3) Special considerations should be given to the critical frequency range F, < F< F2 of potential instability.
4)
F2 may be much smaller than the operating frequency. 5 ) Rules have been given which are helpful in the design of stable RF power ampliiiers.
6 ) It is hoped that this paper may stimulate additional investigations, particularly in the field of nonlinear instabilities.
